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ABSTRACT

This paper reports on energy fluxes across the surface of the ocean as simulated by fifteen
atmospheric general circulation models in which ocean surface temperatures and sea-ice
boundaries are prescribed. The oceanic meridional energy transport that would be required to
balance these surface fluxes is computed, and is shown to be critically sensitive to the radiative
effects of clouds, to the extent that even the sign of the Southern Hemisphere ocean energy

transport can be affected by the errors in simulated cloud-radiation interactions.



1 Introduction

The focus of this study is on the surface energy fluxes over the oceans simulated by
current ammospheric general circulation models (AGCMs), and the implied oceanic meridional
energy transports. We summarize the implied partdtioning of meridional energy transpont between
the ocean and the atmosphere and compare them with available observations.  The implied
oceanic meridional energy transport varies dramatically from model to model, and we show that
these differences are largely due to cloud-radiative effects. This result has important implications

for coupled atmosphere-ocean general circulation models.

Uncoupled AGCM simulations are performed by prescribing sea-surface emperatures
{(55Ts) and sea ice distributions. In a similar way, uncoupled ocean general circulation models
(OGCMs) are integrated with prescribed surface wind stresses and relaxation of surface
temperatures and salinity toward prescribed climatological values. Simulations produced by these
models are guite realistic, but they are strongly constrained by the prescribed boundary
conditions. Climate change studies muost account for interactions between the ocean and the
atmosphere, and so efforts are underway to couple AGCMs and OGCMs. When the boundary
constraints are removed, in the coupled models, the simulated climate typically “dnfis™ towards
an unrealistic state. To prevent this, most coupled models use “flux corrections,” including ad
hoc adjustments to the surface energy flux distribution (/). We need to understand why such
corrections are needed, so that ulimately they may be minimized or altogether eliminated. The
results of this study shed light on this issue.

The need for a systematic and comprehensive intercomparison of AGCMs has been
recognized by the World Climate Research Programme for some time. The Ammospheric Maodel
Intercomparison Project (AMIP) (2) is the most recent such endeavor. AMIP simaolations are 10
years long, and partcipating models use common boundary conditions based on satellite-derived
estimates of monthly mean S5Ts and sea ice distributions for 1979-1988. Here we report on
findings from AMIP Subproject No. 5, the focus of which is air-sea energy fluxes, using results
from 15 AMIP AGCMs. All model results are ten-year averages.
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Figure 1: Schematic of energy flows in the atmosphere-ocean system. Northward meridional
energy transports are defined as positive, as are downward vertical fluxes.

2 Background

We must emphasize that when AGCM:s are run with specified SSTs and sea ice, as in the
AMIP runs, the surface radiation fluxes over the oceans are largely immaterial to the simulated
atmospheric circulation. In particular, the simulated atmospheric circulation can be very realistic
even if the surface radiation fluxes are not realistic. It is only when the AGCM is used as the
atmospheric component of a coupled atmosphere-ocean model that the surface radiation fluxes

become critical for the simulated climate.

Annual-mean meridional energy transport can be defined for the atmosphere, Ty, the
ocean, T, and the combined ocean-atmosphere system, T4 , . Defining ¢ as latitude and a as the

radius of the earth, the annual-average energy equations for the atmbsphere, the ocean and the

combined system are (see Fig. 1):

1 9
acosQoQ Fy cos¢ = R,pp;~R,ep= LH — SH = R, =Ny, (L.a)
1 9
acosQop Fo cos¢ = +R,, +LH +SH =N,,, (1.b)
12 Fy,0c08¢ = R (1.0

acos@oQ top’
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respectively, where the F’s represent northward energy fluxes. The vertical fluxes (downward

being positive) Ry, Rocp, LH and SH represent the zonal mean “top-of-the-atmosphere™ net

radiative flux, and the ocean surface net radiative, latent and sensible heat fluxes respectively. The

net ocean surface energy flux is N,., = R,c, + LH + SH. A similar equation could be written for

the land but, because there is essentially no horizontal energy transport through the land, that
equation is not needed here and the zonal averages of the surface fluxes in.Egs. l.a-1.c are
computed using ocean values only.

The horizontal transport of energy across a latitude circle is T = 2% a cos ¢ F, so that the

equations above take the general form
1 3 - =
27ta2$ (TA +0TpTp) = (Rtop’ Rtop -N ocn’ Noycn) cOSO 2

The northward transport may then be inferred from

0
(Tas0rTas To) ) =288 | (RepprRypy=N,_.N,.,) cost'dd 3
~t/2

for the total system and also for the atmosphere and the ocean separately, provided that the
appropriate fluxes are known. The transports may also be obtained directly from observations of
the atmosphere and the oceans. For example, Eq. 4 illustrates how atmospheric transports can be

evaluated using measurements of temperature, geopotential, moisture and winds (3):

top
T,(¢) = 2nacos¢ [ T(c,1+gz+Lg)vlidz - @

surface

Here c, is the specific heat capacity of dry air,  the air temperature, g the accleration due to the
Earth’s gravity, z the height, L the latent heat of vaporization, ¢ the specific humidity and v the
meridional wind. The brackets represent a zonal average, and the overbar an average in time. A
similar equation can be written ocean energy transport. Direct oceanic estimates are more difficult

because of the lack of data on the three-dimensional distributions of oceanic temperatures and
currents, but have been made at a few latitudes (4).
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3 Results

The AMIP integrations are performed using atmospheric general circulation models with
prescribed SSTs and sea ice distributions. The AGCMs simulate surface and top-of-the-atmo-
sphere fluxes given these boundary conditions and the simulated working of the atmosphere, but
the SSTs and sea ice do not respond to the local surface fluxes since there is no explicit oceanic
adjustment. Although no explicit oceanic meridional energy transport is computéd by the models,
we use the oceanic energy transports implied by the simulated ocean surface fluxes (Eq. 3). Al-
ternatively, calculating T4 from the appropriate top-of-the-atmosphere and surface fluxes allows
one to calculate Ty by subtraction (Tp = T4, - T4). Note that the implied oceanic transports
obtained by this method will be in error if the long term net energy flux over land is not exactly
zero, or if there is energy accumulating in the atmosphere or ocean. In our calculations, any non-

zero annual mean of the globally averaged boundary fluxes (the right hand side of Egs. la-1¢) is
removed uniformly over the globe. The imbalances in the AMIP simulations range between -10

and 10 Wm™. Tests have demonstrated that the assumed geographical distribution of the globally

averaged energy imbalance does not alter the conclusions presented in this paper.

Fig. 2a shows Ty .o as inferred from Eq. 3 using the net top-of-the-atmosphere radiation

as observed in the Earth Radiation Budget Experiment (ERBE) (5), and as simulated by the
models. There is a broad range of simulated transports in Fig. 2a (especially in the Southern
Hemisphere), which are generally less than observed. T4+0 is known with more accuracy than T

or T because it is based on more reliable observations.

Fig. 2b shows observationally derived annual mean estimates of T4 by Oort (3), Trenberth
(6), and Savijarvi (7) obtained from meteorological observations, as well as the T4 results

produced by the models. Trenberth used operational weather prediction analyses produced by the
European Centre for Medium Range Weather Forecasts, while Savijarvi and Oort both used the

4



-
:

|
z

)

T L T T T

i .L y —

Implied Heat Transport (10" W)
i
:
[ 1]
L

.
]
#
&
jrl

yh

&
[ |
]

i

1

a
=
L%

&l . . {——0bs

80°N B0°N 30°N 0° 30°S8 60°S 80°s
Latitude

re 2a: Annual mean northward total meridional energy trans : implied by simulations
o and observations. e mph y

——BMRC
—CCGC

1— CNAM
] CSIRO

£

|——DERF
——DNM
ECMWF
1= == GLA
- -~ @GSFC
{= -~ MPI
] MR
1= == NMC
- == SUNYA
[ o o 1=== Oont (obs)
s — _ T Tt Savigarvi (obs)

9N 60N 3N O°  30°S  60°S  ggi5  Trenberth (obs

Latitude
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same gridded radiosonde data. Savijarvi modified the radiosonde wind data to satisfy a dynamical
constraint based on vorticity balance, whereas Oort did not. As shown in Fig. 2b, the results of
Trenberth and Savijarvi agree very well in the Northern Hemisphere mid-latitudes where
observations are best, even though they are based on independent data sources and analysis
methods. They also agree reasonably well with the model simulations. The Ty estimate by Oort,
on the other hand, is considerably smaller than the other observational estimates and the model

resulis.

Figure Zc¢ shows the zonally averaged annual mean net ocean surface energy fux, N,
simulated in the available AMIP runs, Observationally based error bars (8) are also shown. At
most latitudes, the simulated N, is within the error bars, although some of the models produce
too little tropical net surface heating. For some of the models N, is greater at 50° S than it is in
the tropics. Although this may seem a prion implausible, we cannot rule it out as a possibility
because of the great uncertainties in the Southern Hemisphere data and the complexities of the
surface energy balance.
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Figure 2¢: Zonal and annual average net ocean surface energy fux: observational error
bounds and a8 simulated.




T may be inferred from the observational estimates of N,,, and computed as a residual,
using Tp =T440 - TA’ where T4 ,.0 and Ty are the observations shown in Figs. 2a and 2b. T can

also be directly derived from east-west hydrographic transects which span all ocean basins at the

same latitude (4). Fig. 3a depicts observationally based estimates of T from eight sources. Three
are based on the residual method. The curve labeled “Savijarvi” is obtained by subtracﬁng
Savijarvi’s T, estimate from the ERBE-based Ty .. Carissimo (9) used Oort’s T4. Carissimo’s
estimate of Ty was made before the ERBE data were available, but the sateﬁite data he used
yielded an implied Ty, which differs little from that of ERBE. The third estimate of Tp was
made by Trenberth (6), using his T, estimate and the T4, implied by ERBE. An important
distinction between Trenberth’s estimate and that of Savijarvi and Carissimo is that Trenberth
utilized several additional physical constraints, most notably adjlisting the implied Tp by
correcting for spurious non-zero long-term net land-surface heating implied by the data. Three of
the curves in Fig. 3a are inferred (from Eg. 3) using the climatological N,, data of Oberhuber

(10), Esbensen and Kushnir (1/) and Hsiung (12), respectively. Although these curves are
qualitatively similar, they are not considered to be highly reliable (13). Two direct estimates of

Ty, based on hydrographic transects (4, 14) are also shown in Fig. 3a. The direct estimates are

believed to be fairly accurate, especially the estimate for 65° N. Despite the general qualitative
agreement seen in Fig. 3a, Southern Hemisphere data deficiencies are so severe that we cannot

even be sure of sign of T.

Fig.3b shows the implied T,) obtained from N,,.,, fluxes of the AMIP simulations. For the

Northern Hemisphere the AGCMs are in general qualitative agreement with the observations
shown in Fig. 3a except for those of Carissimo et al. Although there is a large spread of results
among the models, many have a maximum northward (poleward) Northern Hemisphere transport
of T ~ 2 x10' W. The latitude at which this maximum occurs varies considerably from model to

model. For the Southern Hemisphere, the range in the models’ implied T is much larger; the

implied T is northward (equatorward) in many cases, and southward (poleward) in only a few.
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The strong downward N,,.,, at 50° S in some of the models (see Fig. 2c), tends to force northward

ocean transport between 50° S and the Equator.

It is important to identify the causes of these large discrepancies between the observed and
simulated surface fluxes and implied ocean transports in the Southern Hemisphere. AGCMs are
known to disagree considerably in their simulations of the effects of clouds on the Earth’s
radiation budget (15), and hence the effects of simulated cloud-radiation interactions on the
implied meridional energy transports are immediately suspect. Unfortunately, we do not have
global data on the effects on clouds on the surface energy budget, either as simulated by the

models or from observations. We do, however, have observations of the effects of clouds on Riop

and thus Ty 0.

The cloud radiative forcing (CRF) is defined (16) as the difference between the net
radiation at the top of the atmosphere with the given distribution of cloudiness, and R, which we
define to be the net radiation at the top of the atmosphere which would have been observed if no
clouds were present but all else (e.g. temperature and water vapor) remained the same. Thus CRF

= Ryop - Ry Clouds influence atmospheric heating primarily by trapping longwave energy
within and beneath the cloud layer, and by reflecting sunlight back to space. Fig. 3c shows the
zonally and annually averaged CRF from both the simulations and the ERBE data. There are large
differences among the CRF simulated by the various models, and for the most part also between
the observed and simulated cloud radiative forcing. In comparison with the ERBE data, many of

the models underestimate the magnitude of the CRF at mid-latitudes but overestimate it in the

tropics. Poleward of 60° in both hemispheres the CRF observations are not reliable. The
underestimate of the CRF in the Southern Hemisphere mid-latitudes is especially important for
the implied Ty because the Southern Hemisphere oceans are much more extensive than those of
Northern Hemisphere. A close comparison of these results and those in Fig. 2¢ suggests that there

is a strong correlation between the magnitudes of the CRF and N,,, and that differences in Ty .o

and T, are linked and largely due to cloud effects in the models. The discrepancies between the
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Figure 3c: Zonal and annual average net top of the aimosphere cloud radiative forcing:
observations and simulations.

simulated and observed CRFs suggest that the simulated impled northward T in the Southemn
Hemisphere is erronecus and is due to inadequate simulations of the CRF.

We may connect the implied oceanic transport to the cloud radiative forcing using Eqgs. 1-
3. In particular, it follows from Eq. 3 that:

T,.p = 2%a° f {Ra+ (R,,~R_;,) } cosedd (5.2)
-/ 2
L
- 2za’ [ {R,, +CRF} cos¢dg (5.b)
=xs1
= Lo+ Terp (5)

where T represents the Ty o inferred from a “clear-sky™ atmosphere, and Togpp s that due 10
the radiative effects of clouds. We have computed a “hybrid™ T, defined by:

io



To=Tih0 - Ty (6.8)

 (Thoo-T,) + (Th5 =T, . 0) (6.5)

Here IEEE{‘E' is the T, . inferred from the ERBE data. The &7, and 8T gy represent the
difference between the observed and simulated T, . resulting from the effects of clouds and a

clear-sky atmosphere respectively. Comparison of the simulated cloudy and clear-sky
atmospheres has demonstrated that we can neglect the clear-sky effects on the implied T,

To = Ty+8Tcpy (7
The resulting hybrid T, which is based partly on observations and partly on simulations, is

shown in Fig. 3d. The contrast with Fig. 3b is remarkable; in Fig. 3d, all of the hybrid results
show poleward Tg in both hemispheres as a consequence of the cloud forcing “corrections.”
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Figure 3d: Annual average “hybrid” global ocean northward meridional energy transport:
Ta+o (observed) - Ty (simulated),



4 Conclusions

The AGCMs shown here were run with fixed SSTs. The ocean energy transports inferred
from these runs are not necessarily the same as the ocean energy transports that would be
produced in coupled ocean-atmosphere simulations with the same AGCMs. Nevertheless, our
results show that prescribed realistic SST distributions lead current AGCMs to produce surface
energy budgets (Fig. 2c) that imply ocean energy transports that vary widely from model to model
(Fig. 3b), especially in the Southern Hemisphere. These implied ocean energy transports cannot
all be right, although they can all be wrong. Observations of the surface energy budget and/or the
ocean circulation are ﬂot adequate to say which of the AGCM-implied ocean energy transports, if
any, is correct. It is difficult to believe however, that the ocean energy transports could be

equatorward at all latitudes in the Southern Hemisphere.

This paper presents quantitative evidence that the model-to-model variations in the
implied ocean energy transports are largely due to model-to-model differences in the simulated
cloud radiative forcing, which is a comparatively well observed quantity except at high latitudes.
Our results thus indicate that as future AGCMs produce more realistic cloud radiative forcing, the
simulated surface energy budget should improve as should coupled-mode! simulations without

flux corrections.
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